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LASER CUTTING OF SEMIGONPUCTQR.MATERIALS 

This invention was made under Subcontract No. ZAX-8-1 7647-1 Oj which 
is a subcontract under U; S. Prime Contract No. DE-AC36-83CH10093. 

Field of the Invention 

. This invention relates to the use of lasers for cutting semiconductor 
materials and more particularly to the laser cuiling: of EFG-grown material. 

Background 6f the invention 

The EFG method of growing shaped crystalline materials from a melt, 
is well known, as exemplified by U.S. Patents Nos. 4,937.053', 5.102,494 and 
5,558.712. The use of EFG materials in fabricating photovoltaic cells also is well 
knpwn, as exemplified by U.S. Patents Nos. 4,751.191. 5,698,451. 5,106,763 
and 5,151.377. It has been the practice to use the EFG method to grow hollow 
polygonal bodies of a doped semi-conductor material, e.g., octagons of 
phosphorous-doped silicon, eiricl to lise a laser to subdivide those bodies into 
rectangular wafers or blanks for use in making photovoltaic cells. More recent 
efforts have been directed to growing large diameter, thin wall cylinders of 
siticori^ evg.ficylindersiwith a diameter df^pprbxiiriat^ly-SQ cim i^r^ a wall 
thickness of 100 to 700 pm (microns): : > 

Laser cutting of a mat^i^iai involves absorption of laser energy within the 
material, resulting in a local^ed temperature increase, ^melting and vaporizing of 
the material and transport of the miBlted and vaporized material away from the 
body being cut. The development of existing technology for cutting wafers out of 
hdlldw EFG-grown silicon bodies has been: driven by the need to maximize 
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cutting speed, which has lead to a search for lasers yy^lthjth.e; highest available 
average power. Heretofore; the cutting up of hollow silicon bodies into wafers . 
has been acgompljshed in gir y|5ing conventional jndustrialJasers su as i 
conventionakNdiYAG and CQ2 ilas^rs,with;ayerage.pe)we!^ I^els ©f; about ^1 ©0-4 
500 watts (W;). Thp^eJa^ in thelr.cutting^action In that>^^ 

operated witti If lativ^l^jpng;^ aboyySQQ and 600 nnieroseeondsi ; 

mechanism. These prior methods of laser cutting silicon Ipodies have cuttlngo; 
speeds in the onder pf ^St^SO mm^^ prnfthick^silicQn^vMpreover, the 

same prior methods of la?er cutting the.britt^^^^^ 

laseMnduced darnage tp Ibj? v,- j; :. . 

L^ser-induced edge damage., to the silicon wafers i§. the.) result of changes 
in the physical material properties where heating has occyrred;vThe material- 
depth to which these changes are detectable is called the heat-affected zona 
("HAZ" ). Thii defects in the H AZs are ,Qf two types -- rnicrocracHs andiqleposited 
5jet>r*s ("slag"), The microcracks, which usually arernumerpiJs,;:cprrvTienceiat and 
.generally propagafej normal to4he cut edges, and Jienfturn tDy;aboutf90 degrees 
so as to extend parallel to the cut edges; By way of ijlustrationvcWheniCutHrtgr c 
silicon in air wijh a thickness of 300 pm usJn laser with;a pulse : ; 

duration, of 0.5 milliseconds (msec), a pulse^energy of 500 milli]oules:(mJ) and a 
Gaussian spot with a beam diameter of approximately 150-200 prrij the > ; 
microcracks may extend up to 50 |jm away from the cut edges. These ; 
microcracKs are highly undesirable since they result in mechanical weakness of 
the laser cut wafers. The slag cpnsists primarily of silicon which has resolidified 
from the molten and volatilized states and Si O2 (when air is present in the cutting 
zone). The deposited, slag cpntribules to^ weakening of the edges of ^the cut 
wafers. 
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■ I The damaged edge material needs to' be removed by chemical etching 
before the 'cut wafers -eah be p manyfactUr^ ]5hdt6vdltaic teH The 

deeper the HAZ, the rtidre' material rnu§t be r^mbved^^^^^ the wafers. 

Uhfdrturimely the D(6dui^re(hcie~bf edg^-darnag^ ha & redudtioh in the 

yield of^acceptable^afepg for solar cell fgibnfeS^^ and aUb iri 

increased costs due id th^ need to remove damaged edg^^^^^^ 
wafers43efore cbmmericing the several processes recifuired^ cdhvert tlH^ wafers 
to solar cells or other devices^ 

The critibal laser characteristics influencing the laser beam Interaction 

- with crystalline silicon and the extent of the HAZ are laser power and the 
variations of the absorptibh cbefRcieht With v^velength, temperature; peak laser 
powerr and gas Gompositibh; These factors- irtnpact bh the duttlng speed limits as 
well as on the mechanlism of heat trahspbrt' and subsequent HAZ form 
edge: damage generations Mbweve'rv in' s^ ed^e dariSisige, the . 

ba^ic requirement Of ma>(imizing1a^er power 

Dimust be coupled, with limiting the^ heat inpiiit^to th 

Jnput^to thetmateri^l stirrouhdihg the l^ser cut dterni thie exteht^df the Hj^ 
anicithe occurneiiceiaM length^f tHe mierocradks; DeFiehdirig brtlHe lakei^ 
beamAwayelehgth;^the pUlse length #iust be suffident sb^tH eh^fgi^ls 

^Initially retained In the' sincoh ci^staliihe mate to 
attain melting of the silicon^ The laser puls% eh§rgy mus^ rieiar 
the melting ^threshold to minimize-the -HAZ;^ ' 

; -Damage free'-artd rapid cutting bf sificbri iisihg la^erehergy has reirnairied 
ah elusive but necessary goal in the effort tb achieve high yields af the various 
; stages in the process of conveHing-the silicon wafers into photovoltaic bells of 
other semiGonductbr devices and to reduce m^hufacluring costs ' 
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Obiects and Summary of the Invention 

A primary object of this inventidri 'is to provide a rt&v/ and impl-dved 
method of cutting crystal! ihe materials with a laser. 

Another object of this invention is to provide a new and Improved method 
of cutting sernicdhductor bodies with a laser so as to prddude wafers for use in 
making solar cells or other solid state semiconductor devites: 

A further object is to provide an iriiproved method of cutting crystalline 
materials with a laser ^0 as to reduce 6dge daiina^^^^ 

Still another object is to enhance the speed of laser cutting a crystaiilrie 
material such as silicon. r-'-.-;....- 

A more specific object is to provide an improved method of cutting a thin 
silicon body with a laser at a rapid rate with iriiniriHal dcc^rrenc^^^ 
or other damage at the edges of the cut material. 

Another specific object is to proviaSteimpr^Viel^^W 
EFG-grown hollow silicon bodies into rectangular wafers or blanks, With the 
cutting being aGcbrhplished at optimum speed and with a reduced number of 
micro-Gracks at the^dges of the A^rafers!^ ^^^^^ ^^^^^^^^^^^ : ' ' - 

The foregoing objects, and other objects that are rendierfed obvious by the 
following detailed desGriptibh, ?are achieved by cuHirt^ si^rtiiddhductor rtiiteH^r 
with a laser in a selected a vacuum or a non-oxygen atmosphere. More 
particularly, the laser cutting is iocbmplished in % Vacuum ior^ tlW pr^e^ridi bf 
one or mord gases frbm the grdup cdmprisin^Wmihg giW^ 
(He, Ne, AR and Kr); Other features and advantages cf the ihventidn are 
disclcsed in dr rendered dbvlous by the fblld\A^irig detaildd ^pedi^ciJeit^iptidii 
and the accompanying drawings; ^ ■ • 
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The Drawings 

' Figs, A-1 G are graphical representations comparing the speed of cutting 
silicon with a Q-switch Nd:YAG laser varies according to the atmosphere in 
which .the cutting is accomplished. 

Fig. 2 Is a schematic illustration of pne form of apparatus for; practicing 
the present invention; , 

Fig, 3 is a crossrsectipnal viey/ of a portion of the apparatus of Fig. 2; 

Fig. 4 is a cross-septipnal yiew of the Orring that forms part of the Fig. 2 
apparatus; 

Fig. 5 is a plan view of a modification of the gas-confining Qollar; and 
Fig. 6 illu^trate^s a la?er,gas-asslst nozzle GQ^n^^ 
alternative ernbodiment of the in 

Detailed Description Of The Invention 

, When ysing a iaspr to cut silicon or any other materia] in air, the laser 
must be operated, so as Ip proyidf . a peak power density at, the beam foous that 
is less than that which will cause the air to Jjreak down and-form a plasma, which 
pccurs at £| power density of .approximately 5 x10* watts per square centimeter 
(W/cnri^), The ;formatipn pi: plasma ppnsMme^ substantially^a 
laser energy, thereby preventing laser cutting since Jittle. Qf the energy reaches 
thp material to be cut. It has been determined from, laser. cutting in air that, in 
general, the H AZ pecpmes smaller for any glyenrmaterial at a peak power 
density just .below that at which air breaks down into a plasma. Nevertheless, as 
npted abpye,. the laser pulse energy must be maintained near the melting 
threshold to minimize the HAZ. In this connection it has been determined alSo 
that the minimum energy required to melt silicon is about 200 J/cm* and the 
minimum energy required to vaporize silicon is about 1 000 J/cm^ {for laser beam 
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diameters of the order of 50-200 jjm as is cornitiori iri pradice, the threshold 
rrielttng and vapdrizifig ehergieS are about 4m j and about 64TnJ per pOlse ' 
respectively). 

Short pulse length lasers {i.e., lasers having a pulse width Ih the r^hge of 
tens of nanoseconds or less) are attractive because theii- average power ieve^ 
have improved to a range that mak^s them practical for high speed cutting of 
silicocuvafers, subject to being used So as to mihlhiize edge'd^mkg^. Such 
lasers can be adapted to provide a peak power density that approaehfes the 
practical limiting value for air breakdown. The efforts to utilize short piul^W length 
lasers for cutting isilicbn in air have been Stimulated by the expectatibn tRat the 
short pulse length laser ehergy will transfer less heat to the silicon and thereby 
will decrease the HA2 and daHnage depth while permitting the energy absdrption 
to be sufficient for the cutting to proceed quickly with a predominantly melting 
mechanism. ^ - 

Hovvever; problems usihg sKort jjuls^ la^rs Wcut 

wafers in air at viable rates exceeding 1 0 mm/sec. Efforts employing a high 
peak power Q-switched Nd:YAG laser and a short pulse E)(cimer laser revealed 
that initiailly the lasdr cutting bf 300^0 prnll^itk EFOl^l^ §indb?r^db^Wiir 
proceeds very fast dvei: the fiPst 25-50 microns, but ..:}^mv)v^ 
substantially to 2:erp; The use df a copper v^por laser fir alr^lsb^^F^^ 
unsatisfactory, because although the beiam penetrates very ^uicKt^^ bycil^et>f 
its high pulse repetition rate of 5Od0-1 0GOO Hz, the k^ cavity cre^tid 
laser cutting action is rapidly filled in with SI02Slag so that thd cOt edge^'Wre 
glued shut, preventihg removal of the wafer. Accordingly until the present 
invention it was not feasible to use short pulse lasers to cut wafers dtiit 6f tHih 
6rystalllne silicdrf tubes grown by the EFG (sirticess? eveh thb^ SucK lasers ir:e 
capable of providing peak power density levels sufficient td appreciably 
the melting threshold and to vaporize thd melted silicbh. 
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. . Stut^ies conducted in the course of making the present invention have 
also indicated that some forrn, qf plasma is found near the. surface of the silicon 
material being cut in air even when the cutting ,is accomplished with . a short 
pulse length la^er at a laser peak power density just below the air plasma 
breakdown level (approximately 5 x 10^ W/cm^), leading to the possibility that 
thepj^sma is due to the presence of volatilized silicon and- that the formation of 
the Piasmg rnay cause or contribute to micr^^^ 

The present Invention Is based on and includes the discovery that the 
cutting problems normally encountered when cutting silicon with a short pulse 
tength Q-s\A^itched Nd:YAG laser could be overcome and the usual microcrack 
damage substantially eliminated by. cutting the silicon rnaterial in a vacuum or In 
a selected gaseous environment consisting substantially of a noble gas (He, Ne, 
Ar and Kr) or forming gas (90% N2: 10% H^^^^ 

A series of cutting experiments were conducted to evaluate the effect of 
, varjpus arnbiants on laser beam penetration, cutting speed and HAZ^relaled 
cutting damage to the test spepimans. For the purposes of the test; specimens 
, in tha form of 700. micron thick wafers of poijished single crystal Czochralskl- 
gn^sMy sn^^ of measurement duetto their flat polished 

surfaces. Cutting of tha silicon specimens was^conducted;U 
Physics,,Model PRO-290 Q-switched^^N 

repajtitioh rate and a 1 0 ns (nanosecond) pulse duration. The average power 
output of the .la^eitjfor the experime The energy per pulse was 

500 m J and the laser beam was focused to provide; a peak power density of 0.9 
X 1 0® W/9m^ just belpv^ the level of 5 x 1 0' W/cm? at which air plasma 
breakdown oQcurs. The specimens to be cut were mounted In a chamber which 
had a vyihdow through >which the laser beam was directed at the specimens. The 
channber was connected to ^a^^ pump and a gas manifold. The 

pump and manifold were used to evacuate the chamber and to maintain the 
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vacuum qp fill the; chamber; with various- selBcted ^^ases?-Thei^oio#trty " i?ft#iehts 
were tested: airy: vaeuum, Nz; GH2F2rfQnming3gas :(90% Nii10% ^^rid^^^^^ 
noble: gases Hej Ne, Ar; 'and Kr. ;THje chamber \viimi^intajhe6[a^ 
one atmosphere during the cutting in the^pt^esence'of th^ for%g6rHi^ ^^sesP^ 

Depth measurements were made using optical microscbp.y and rriea^^Hng 
depth by critical focusing at the top surface and the bottom of the la^ei- cut 
trenches. Trenches were cdJt in the polished wafers by 6xp6slng thfe matenarto 
the focused laser beam pulses in increments as follaws.: 1., 2", 4, 8, 16; 32,' 64 
128 pulses and measuring the trench depth after each increment. Material 
damage was examined by metallurgical cross-seetidnihg and optical rnlcrdscbpy. 

Figs. lA-iq graphically show the results for material rerBdv^l jh^^^ 
and.all but two ofjthe various gases listedabove. In this conhedtipn It khould be 
noted that Figs. 1A-1G present graphical data only for helium (He) aha^^gbrf 
(AR). However, neon (Ne) and krypton (KR) were also tested ahd^^HdWed 
essentially identical behavior. Because noble gases appeared to; w^^ sMU; '■■ 
nitrogen was also tested to seeif oxygen could be re^ipohsible for the poor ' ' 
cutting speed in an air ambient: Forming gas was used to determine if hydrogen 
could accelerate the cutting speed, and the forming gas turned out to shbw 
essentially the same behavior as noble gases. Di-fluOromethane was tested is 
an ambient to determine, if fre© .fluorine radicals produced by lasdr energy do£/)d 
accelerate the cutting proeess' v. 

Prom.thedatapresented.inFigs;1A-ie; it is readily appare^^^ 
a vacuum* forming gas and ,rare. ,gas ambients show a slowirig of -the beirn - ■ ^ 
penetration with increasing depth. A eomparisdn of Figs. 1 A and 1 C shows that 
nitrogen and air have 3: similar detrimental effect on cutting speed, aithou^H- With 
nitrogenthe detrimental effect is not quite as p^dhouhced, Fjg. 1F shbWs th'at^ 
the results using difluoromethane were also poor. Vacuum, noble gases' and 
forming gas show essentially the same high material removal rate and a 
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rsubstanti9l!y)|i0ear TerRoval; rat^ as a functten of ^he^riurtlber of pliliies: • The ' 
material" reiTioyarratei remains essential^ regardless of depth within the 

. , b.ounclaries.p experirrieots. . The; penetration rates: in a ^vacuum envifoiiprient 
and. noble ;ga.$,BnyjFon^ nearly- identical regardless of the atorriie Weight 

•ptthe nqb)e gas. ^ ^ 

:. . , The-reason for the improvement, in cutting rates is not readily explainable. 
Qne j)£)ssibie e)<planation Js:delayed onset of plasma in vacuum and inert gases 
when-compared to other ambients. It was noted that a plasma Is always forrned 
under the. experimental conditions, even in vacuum, since volatilized silicon 
appears to lead to plasma formation as seen by a bright blue flash near the 

. material, surf ace. . ...ii:.. 

Optical microscopy combined with cleaving and metallurgical cross- 
sectioning was used to determine the shape of the laser cut, the presence of 
melt or slag and the presence of microcracks. The tests revealed that cutting in 
a helium environment proceeded without mierocracking to a depth of aboijt 200 
microns (pm), with nearly vertical sidewalls except at the very beginning of the 
cutting actipn. The bottorri of the cut is also "V" shaped and some buildup of 
slag anij silicon is observed at the edges; It was observed also that with a 
cutting, penetratipn. ideeper ?than about 200 micronsj buildup of slag is Pbserveid 
atjhe walls of the kerf (i e.^ the cut).;thereby restric^^ 
bottom of the cut and ultimately limiting the thickness which can be cut. 

j QccurrenG;Q,pf;rTTicrpcrack damage Was observed beyond the depth of about 200 
microns, -The^cuttliig e^^^ andithe shape of the kerf or cut forlried N^ 
pperating in a vacuum is virtually indistinguishable from the cut that is made in a 
helium ambient.. In contrast, cutting in air produced a kerf that developed as a 
round "bowl" shape with a significant buildup of sla^ and a heat affected zPhe. 
Cutting in air esserilially terminated at a depth of about 50 microns using the 
Spectra Physics Nd:YAG laser mentioned above. Additionial experiments 
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involved cutting in a helium envir6nrTVent^>pfen to tHe atiti6sph^re, where^Sbrfife 
air could not be excluded. These additional experimehts were not quantitative 
but showed a rapid deteridration of cutting speedy frbm 3;0 cm/sed down td oHly 
about 1 crn/sec for 1 26 urn thick wafers^ ahd also a detenbratibii In ke^ 

: expressed in terms of slag deposition and oxide formation surrounding the k^rf. 
Additional experiments Were bbhdueted with the same laser and operating 
conditions, using specimens of EPG-.grbwh silibon having^^^t^^ bf 1^25^ - 
rrucronsi. In this case; it was determine euttlhg could be conducted in 
helium and forming gas at a cutting speed of 3.0 cm/sec without any sighifibarit 
micrbcrack damage. ^yir^-ii 
' For economicand practical i^^sons.Guttihg in ai^^ 
•such as helium is preferable over cutting in a vacuUni ■ Uhcler eui^rfeht^ " ^ ' ^ 
manufacturing practices EFG tubes may measure six feet in length (or even 
longer) and, in the case of cylinders, more than three feet in diameter. If Would 

;:?nprma1ly be heceSsarji^lo ihnj^ere^ Heliiiiirrfilidd bHsiiViBer 

with: the laseribeamrentering through^a^ Window in the chimberi : With sdch a 
afiFangementf the chamber would have to be filled With helium for every tube' to 
be cut, unless a load Ibck including vacui^ Ibckis used. ' 

Because the; expense and complexity of sUbh apparatus is economically " 
'prohibitive for the: cuttlhg^of wafers^frorri an ERG iubi§ for th^ p^dubtidrt^df ^^llr 
cells, other apparatus has been conceived for practieihg the w 

Figs. 2-4 iltustrate a preferred forrri of apparatus fbrcuttinQ waf i^r^ t^u^ of 
an EFG-grown hollow tube of silicon in the presence of a selected gas 
atmosphere. It should be noted that for convenience of illustratlbri, the w^ll 
thickness of the silicon tube is exaggeiratefd in Fig. 3/ Fig. 2 shows a sholt^ 
section of an EFG-grown cylindrical tube or cylinder 1 0 thai iii atticHed tb a 
supporting disk 12 that is attached to a shaft 1 4. The latter is mouhted for up 
and down vertical and rotational movement by a suitable drive mechanism (hot 
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$hpwn). The tube section 1 0 is surrounded by a collar 16 which has an L- - 
$happd pross-seGtipnal shap^, being open to the ambient at the bottom as 
shown by, Fig. 3. The inner space of the collar is flooded with a gas selected 
aopprding to thp pres&nt inyentipn, preferably helium; via a tube 1 8 that is 
oipuntecfjn an opening 19 in side SO; of ihe collar and is connected to 

;the gas sMpply 21 via a, suitable flow contfol yalve (not shpwn)v The collar is 
attached to a suitalpje support . (opt show^^ which supports it at a? selected level. 
The eollar is sized so as to aljpw relative vertical and rotational movement of the 
silicph cylinder 10. 

Since helium at a given temperature and pressure is lighter than air, 
helium will tend to escape from the gap at the top of the collar between the EFG 
cylinder and the collar (some minor losses of helium also tend to occur from the 
open bottom of the collar due to possible turbulence and mixing of air and 
helium). As shown in Fig. 3, the gap between the top of the collar and the 
cylinder is sealed by attaching a very soft and small pore foam rubber 0<ihg 22 
to the jnner edge of the collar. The ring is sized so as to touch the EFG tube 
with negligjble; pressure in order to avoid any force on the cylinder which would 
cause the cylinder to crack or otherwise bp damaged. To prevent the passage 
of heliuiTi through the; foartj ; seal, a thin porous or perforated plastic tube 24 is 
erribedded Inside the Orring as shown in Fig. 4; Tube:24 Is connected to a Water 
supply (not shown) via a suitable conduit (not shown) and a control valve (also 
not shp\vn). A small amount of water is injected periodically into the 0-ring via 
tube 24. The, foam rubber of the 0-ring 22 is porous and absorbs the water 
Injeeted via tube 24. The water filling the foam rubber fPrms a meniscus 
betwperi the surface of the cylinder, and the O-ring that serves as a seal to 
preyentpscape of helium. ; = 

J=or the purpose pf easy insertipn of the EFG tube 10 irito the collar, a 
second elastip and resilient tube 26 made of plastic or rubber is embedded 
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Inside the O-ring: This plastic tiibe 26 is connected tb rtiea^^ 
partially evacuating It so as td^cause the Inrier^^^^ 

expand, or (b) pressurizing it With air (6^ ckcis^ thelnher drcumf^^r^nce of the O- 
ring to shrink; To allow for Insi^rtlbfl^df thiB silic6ri cylinder into the cbllar, 
vacuum is applied to tubb 26 Sb 'as to cause the On'ing^i^^ 
section vi^hile expanding its major diarrieter at its ihher eirfeum^ 
Thereafter, with the silicon cylinder surrounded by the 0-rlrt^- plastld tUb© 26 Is 
pressurized with air or some other gas so as to cause the O^rin^ tb expand in 
cross-section and contract its major diamter a^^^^^ inner circumferehblB so'^s tb 
engage the silicon cylinderv^ I Th© diMehsibnal 'Ch^rtge In^^^^ 'fuijBer b-riHg 

when contracted and expended' ih ihi^^ay^ is relativeli^^ tb - 

permit easy insertion of silicbh tube^l O^oh expahsiorf %nd to iriisUre a gibotl keel 
made by the O-ring on contraction. The cbllar also has e side wihddW' 28 made 
of glass OF some;bther transparent materiel thro^ 

pass to cut wafers out of cylindepil Or ' ; ; • vAj^^^ v. ' .sr- =c 
Fig;, 5-shows a mbdificatibh bfithe^fbregbingapparaM^^ in^this^ese the 
heliumror;bther noble gas or fbrrning ga^i is iryeeted by tube i8'ihtcr^(he'coi1^ 
via an opening 30 in its top Side difectly above wih'dow 28, end two Vertlbyi^'- 
wipersi32 made^ of soft -foam rubber sifinilar to thei^bf the Seel 22 ere iBcIt^ • 
inside the collar 'ori 'both sides of th#bearn irnpacPal-ea, preferably rrrimediateiy 
adjacent to the opposite side ed^es of the window as shown iri Fig: 5: The'' ^ 
wipers 32 serve to prevent helium frbm filling the entire annulus # thi c^lli?; 
thus reducing the quantity of helium recjuifed Tb flbod the spiace irt frorif bf'th^'^ 
portion of the silicon tube being cut by the laser beam. A§ a further optibneP 
measure, the wipers may be prbvided with embedded porous plastic tubes (hot 
shown) like tube 24 that are connected to a water supply (not sHbwn) vie a 
suitable control valve (not shown) and serve to feed water lb the wipers to keep 



BNSOOCjb:<WO 0»tST(»97A% I > ' 



Ay6:P2/07927 



PCT/US0m5566 



. -13- 

th^rn wet, thereby establishing a meniscus betweeathe^wipers ahd-the silicon 
tube that acts to prevent escape of helium;^^^ 

, Referrifig again to Fig. 2, the illustratedvapparatus aisp includessa laser 
34, relay lenses 36, 38, a 45? mirror 40,i and a focusing cylindri 42. . .The 

latter is mounted for rotation on its optical axis from one to the other of two 
different positions that are spaced from one. ahQther by an angle of 90 degrees. 
.Lens.42 is rptataWe on; comrnand by a lens-rotating mechanism (not shown). 
The mirror 40 directs the laser beam to the cylindrical lens, and . the latter 
coHY^rts the, beam into an elongated narrow spot pattern, e.g., a spot measuring 
about 3QPtJi7i x^Spm aridfocuses it through the; gIas&;wlndow 28 onto Hhei ^ 
exterior surface of ,the silicon tube 10. Bpeusing. the beam as an elongated . 
narrpw spot speeds up4he cutting/process and; also permits/better control of 
laser energy density. VVith the foregoing arrangement, cutting is achieved by 
generating .yertical and.hp/iz^ontal cuts in the silicon: cylinder 1 0. in rectangle or 
square patterns, thereby producing rectangular.;or square wafers. 

y si^ng thp apparatus of Fig.. 2, the preferred cutting process involves first 
P9^'*'?'?!'1^Q^I>® ^'["^'■'Cfflle^^^ in the first ofiits two^different positions, in; : 
^'^'9f!:PRi!t'9';i= cause^;th5t be^m.fronFt4aser34.to.l^ narrow. elongated 
be^mjsppt that Is pnented with its long; dimei^sito extending ^parallel to the 
Ippgity^tii^al axis of silicon, tub^v -IO. : TliB;;i;theflasei^iScOperateidioicat4n^^ 
10 a,p)uralit^ pt horizpntally-spaped yertieat ei;itS:;thatrcommeniGe)at the bottom 

ecl9|^oWh^iSi|iQoritubie Tlhif ^iPsVei^ttlngacUonHiinvoJvesjntermittentirotati^^ 

th§ iSiljcG^ri ^yf[nderihrpugh,36a de^ iBxtend arourtd 

the full cjipumference ^pf the cylinder.; Deperiding on the length of the beam 
Sppt, it nri^i^ b^ n^ces^ary ip move the entire laser cutting system vertically to 

rtical pgts, of the proper length. Alternatively lengthening the vertical 
cuts can , l?6 achieved by rnoving the silicon cylinder vertically. Once all the 
vertical cuts have been made, the cylindrical lens is rotated 90 degrees to its 



WG 02/07927 



P€T/US0i/i5566 



-14- 

second position, in which pbsitibn it fbduses the laser 'be^rn so that iti elongate 
beam spot is oriented with its long dimerision exteridih^ hdrizontally, I.e., at a 
right angle to the axis of silicon cylinder 10. This^ hQrizohtally-bnefnted-iaser 
bearn spot is caused to traverse cylinder 10 hdrizoriitally between the vertical'^ 
cuts so as to separate wafei^is from the eylindi^. This cah be' achieved by ' 
rotating the silicon cylinder. Alternatively^it can be Achieved by pivoting mirror 
40 on^^a?pivot axis that extendi ■^^faUel to the silicon cylinde^^ R^girdlesb df ■ - 
how the. horizontal cuts iare.made, only one line' df horizdntar cuts is requii^^d to 
produce wafers, since the bottom edges of the wafers are portions of the bottom 
edge of the silicon cylinder. 

■ It is contemplated that the need to use a cylindrical liens as described 
above can be eliminated by using other lasers and focusing the beam into a 
circular spot pattern, and using mechanical rrieans to cause the laser to' sdan the 
surface of the silicon cylinder in a way that will result ih square or r ectarigular 
wafers being; cut out pMhe: cylinder LasefSj othter thaft the one'^lfesdrib^d^' ' -'^ 
above, with ;higher:pulse repetition rates wbuidrbe required^fbr^^^ 

.^Other ways and means of using ai laser;tb Giaf materials in selectM ^ • ' ■ 
pattern are well known, as exemplified by th^ Tbllowihg United States^jsatift^!^- 
No.; 4,503^313, issued March 5i 1985 tb A: Tsut§umiifNbr4v^^ 
23, 1987to H. Klingel; No: 4,728i771vi^ued Mal^ch 1, 1988Ub Ft-Sartbrie^' 
No. 5,453,202;. issued Oct. 31, 1995 to M, Kurosawa et^l; No: 5,667,707Mssiied 
Sept. 16 1997; No. 5:756,961, issued May 26, 1998 to K Sato et al.; and Na 
5,759,428, issued June 2, 1998 to Hr Balamane et al. The teachings bf thdse 
patents are included herein by ref erehce; 

Ari: alternative apparatus and method of conducting cutting in a noble gas 
or forming gas environment involves the use of a gas assist laser nbzzle. Gas 
assist nozzles are well kno\A(n in the art and are exerhff>lified by said U.Si Patent 
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No. 4,728 J71.and^a^ U.S. Ratents Nos; 5,083,006, Issued Jan. 21, 1992 to 
P, Stroud and 5,220,149, issued June 15, 

By way of e>campleibut not lifnitationi; Fig-i 6 ichematiGally illustrates a gas 
assist nozzle 50, The nozzle has a central or axial bore ;62 in whilch is mounted 
a focusirig lens 54, Bore 52 Is open at one end 56 for admittance of a laser 
beam from a laser (not shown) and , has .a fedtjced diameter discharge opening 
or orifice 58;through which the laser beam passes out ©f the nozzle. The lens 
54 serves to focus the laser beam so that Its focal plane is at the adjacent 
surface of the material to be cut which will be located close to the discharge 
orifice 58. One or more side ports 60 are provided in the nozzle for injection of 
assist. gats from a gas supply 21 . in this case the assist gas is a noble gas or 
forming gas as described above. The assist gas, which flows out of the 
discharge orifice 58 into contact with the material being cut, is introduced at a 
fluid pressure level which will cause it to flow, out of the nozzle with a velocity 
sufficient to enhance the laser cutting speed by removing materials that tend to 
deposit as debris at the cut , edges (In the cutting of silicon tubes, the debris 
consists primarily of re-deposition of silicon from the, molten and vaporized 
stpteSiprpduG^d by the laser energy). Since t 

, ralcrocracks at the cut edges, the removal of debris by the assist gas hot only 
enhances cutting speed but also Improves the strength of ^he cut wafers. The 
stream of assist gas discharged frorn the nozzle spreads laterally along the 
surface, of the silicpn .tube being cut, thereby creating; a hon-air ambient that 
envelops the.adjaceritsurface portion of the tube. 

Although the invention has been described in connection with a Nd:YAG 

, ,;laser, it is.to be: appreciated that the invention may^b different 
short pu^se^length pylse, laser It also is argued that laser cutting of siliGon using 
.^la^erAhat Riroduces r^la^^ 

operating with a pulse length of 500 microseconds (ps), may be improved in 
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terms of wafer quality, if not in increaseti cutting speed; by cbVidUbtihg th^^ • 
cutting in an ambient consisting of a noble gas or forming-gds as taught b'y^^ 
invention. Although the Q-switched Nd. YAG laser has be^n described in the 
foregoing specification as operating sit a pulse r^petitioh ratls of 60 Hz a^ 
ns duration, with an average power output of 65 watts, it is to be appreciated that 
the laser may be operated with different pulse repetition rates, pulse durations 
and average power output, according to the ma'tenal beihg cut arid the rbsult^ 
intended to be achieved. Also, the spdt si^e Mhdishape of the laser bearn ' 
focused on the material to be cut may be altered according to the type of l&^^r 
used, the desired tsutting speed^the pulse Width, rep^titidri rate, ^ind'ehergy 
density, and the composition end thickhess of the materiarbeing cut VVHile e 
circular beam spot pattern may be' used advahtageotfsly vA^ith' other lesWrs aWili 
the present invention; an elongated narrow spot pattern is preferred fdr'tH^ 
purpose of maximizing cutting speed. Preferably the bearh spot pattern iW 
shaped so that the width of the cut made in the material being cut is ih the order 
of microns. By way of example; but not llrriitatloh, when using a short pul^W 
Nd:YAG laser to cut silicon, it is preferred to use a narrow elongated beeW spot 
having a maximum width in the range of 40-1 50 microns 

A further possible modification is to form tlie collar 16 so that its bbttdin 
side Is closed off, i.e., so that in erbss-sectlbn it consists 6f a to^ wall a/id^^ 
bottom wall connected by a side wall in the form of a "U" that is turned 90*> bh its 
side, jt should be noted also that laser nozzles of different cohstructibris may be 
used: in practicing thte invention. 

Although Fig. 2 illustrates the irivehtioh as being applied to a cylinder 
rather than to a tube with a polygonal cross-sectibn, e.g., an octagon, it is to be 
understood that the invention may be used to cut tubes of various cross- 
sectional configurations, e.g., eight-sided EFG-grown silicon tubes commonly 
identified simply as "octagons", particularly if an assist gas nozzle as shown in 
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Fig. 6 is used, rather than a^^c^^^ illustrated in Figs. 2 and, 3. It is to be 
understpod ajso^ a polygonal erossrsectional 

CQnfiguraUpn,>a coll^ may stili be; used to provide^ a suitable noble gas or . 

.formirig ga§> environment in the^cutting zone, but in that case.tlie collar will be 

,constai(^ed,mpdifie^^ s6:that,at|ts inp^r edg^ will;hawe 
QQrif!g|uratlpn,to provide a close fit|vyith Ih^tjubes; to?be cut.;,; H is to be: noted lhat 
use.pfa qpll^r is preferred pyer a gas assist nozzle: since, the latter would 
consyme more pf the fqrrpirig ga%!pr npbje gas due tp loss pf gas tPthe outiside 
■ atiTiospber^.,,^;. •:^ ^ - /i V. ; -./- -.. ^ ■■■■ ■■■■■ 

_ . . It also is cpntem^ 
present inypntipn iTiay consist or a: mixture of noble gases or a mixture pf forming 
gps and pnei.pr mpre npble gases. Alsp althpugh xenon was not tested; it is 
believed that its use would provide the same imprbvement -in results that arP 
obtained with helium, neopi argon and krypton. - 

Although the invention has bepn described in connection with cutting 
silicon, it Is belieyed that the concept of cutting a fragile crystalline material with 
a laser using a selected non-air ambient or environment may be used to cut 
other materials. Also the invention is not limited to cutting hollow tubes but may 
be used to cut silicon or other crystalline materials in sheet or other form, 
particularly materials havjng a relatively srnajl thickness, e.g., a thickness in the 
range of 1 00 to TOOjjm; Similarly, the apparatus; used to support the silicon 
tubps pnd the ponstructipn of the laser system may: bp modified to use means 
well known or obvious to perspns skilled in the art. Still other modifications Will 
be pbvipus to perspns skilled In the a description- . 

As u?ed herein, the terms 'Maser beam" and "laser enPrgy beam" is to be 
. construed as incjiKjing a . i 
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WHAT IS CLAIMED IS: -e - - b 

'1 .V ^ : ; Aimethod of ^airttlFjgi^a holl Wis^ml-^^^ wafeli 

for in making solid stMe leledtriohid^ devices, bi^^ bi^ ' ' 

: cutting said semi-c6nduct6r l3^^^ 

in the43resencebf a g^seoijis medium^ c^^ «iftH^ 'fi>!i<^i^jg 

gases: forming gas and noble gases. ■ ^ i;v : . ' 

2. A method according to claim 1 wherein substantially all bf said gasedils 
medium comprises a noble gas. 

3. A method according to claim 1 wherein substantially all Of s^id'^^sedu^ 
medium consists of one or more of the following gases: forming gas. helium, 
argon, neon and krypton. 

4/ A method according to claim 1 wherein substahtially ^11 of said gaseous 
medium comprises helium. 

5. A method accordihgto daim 1 wherein Substantially ali of said gas^bu^ 
medium comprises argon, 

6. A method according to claim 1 wherein s^id cutfihg is accomplished using 
a NdiYAG laser • : ^-•^'• -^ -'i' • - 

7. : A method according tb'Claime vMiereirt^sa^^ 

repetition-rate;:. V^:-:. ,-\7.-- . ^y, ..^ -v '.^.^lU-. :^:^:. .^jv:>;:;.. '.-.^.v.- ,k u.-^:W^-^?.:r'y;7 
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8. A method according to claim 7 wherein said laser has a 10 ns pulse 
duration. 

9. A method j9ccordir>g tp claims 1 syherein substantially; all of said gaseous 
medium comprises one? or.more,^^^ forming gas,\ helium,: 
argcm, neon, krypton,, a^ laser is: Nd:YAG laser 

^ mat gipd^c^l ^ Jf ser beam;haN«ng a pulsie repetition rate Jn the order of 50 Hz 
and a pulse duration in the order of 10 ns. , v v ;; 

10. A methpd according to claim 1 further including the steps of supporting 
said hollow body, and operating said laser so as to provide a laser beam that 
traverses said hollow body in selected horizontal and vertical paths so as to cut 
put rectangular wafers frpm: said hollow body. 

11. A method of cutting a hollow semi-conductor body . of silicon into wafers 
for use in making solid state electronic devices, comprising the steps of: 

. . sufxpunding saici Ssenilnconductorbpdy withfa colla an 
annular space surrounding said body, 

injecting a gas from the group consisting of forming gas and the noble 
gases He, Ne,, Ar; and l<r.intO|S?i4 

cutting said semi-conductor body by means of a short pulse length laser 
that Is operated so as to beam laser energy pulses through said annular space 
to said semi-conductor t^ody, . whereby laser cutting of said semi-conductor body 
is conducted in the presence of said gas. 

12. A method accorciicig to claim 1. wherein said collar has a window that is 
transparent to laser energy, and further wherein said laser pulses are directed 
through said window at said semi-conductor body. 



BNSOaCII>..;!WO 0S07Ba7A1 I > 



wo 02/07927 



PCT/USOl/15566 



-20- 

13. A method of cutting a semirconductor bofJy comprising the steps of: 
passing laser energy beam through a gas assist nozzle directed at. said 

semi-conductor body so that said laser energy beam operates to cut said 
semiconductor body; and 

injecting a gas from the group consisting of forming gas and the noble; 
gasesJHe, Ne, Ar and Kr into said gas assist nozzle so that said gas passes out 
of said nozzle Into contact with said semi-conductor body, whereby laser cutting 
of said semi-conductor body is conducted in the presence of said gas. 

14. A method according to claim 13 wherein said laser energy beam is 
produced by a short pulse laser. 

15. A method according to claim 14 wherein said laser is a Nd:YAG laser and 
said semi-conductor body is silicon. 

16. A method according to claim 13 where said cutting is conducted so as to 
cut four-sided wafers out of said semi-conductor body, 

17. A method of cutting a semi-conductor body comprising the steps of: 
placing said body in a vessel having a window that Is transparent to laser 

energy and evacuating said vessel so that said body is in an air-free 
environment; and 

passing jaser energy beam through said window into said vessel to said 
semi-conductor body and causing said laser energy beam to traverse said 
semiconductor body so that said laser energy beam will cut out portions of said 
semiconductor body. 
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18 A method according to claim 17 wherein said laser energy beam Is 
produced by a Nd:YAG; laser ^hd said 'feeam opeirates: tb cLif of said 

body.;:: '^^rry-^hr. .:-i,r^-,,r; j ,-;.: -:' " ^^>.e-- pr^v-.-^:.; 

19. A method according to claim 1 8 wherein said body is made of P-do^ied 
silicon; •"..•:>.i ■ 
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